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Portions of this document may be illegible in electronic image products. Images are produced from the best available original document. Abstract Significant progress has been made in several areas over the past year.
Quantitative measurements evaluating organic sensi tizen and catalysts have been carried out. An exciting new transition metal sensitizer has been discovered. A comprehensive evaluation of the characteristiq of polystyrene based heterogeneous sensitizers and catalysts has been made. Recently we have successfully synthesized the first glass functional ized photosensitizen.
This new class of heterogeneous supports offers several attractive features.
ORGANIC SENSITIZERS
During the past year our efforts have included (1) a detai led mechanistic study of the sensitization of the norbornadiene to quadricyclene conversion by commonly-used organic photosensitizers; (2) investigations concerning the potential use of thiocarbonyl derivatives as sensitizers; (3) a quantitative evaluation of polystyrene immobilized sensitizers; and, (4) most recently, the synthesis and preliminary evaluation of glass immobilized sensitizers as an alternative class of heterogeneous photosensit;zers. The results of each of these areas will be briefly reviewed. More detailed information has been reported in the quarterly reports submitted during the 'year.
In an attempt b unoover evidence for exirtlt?~ vnqitizatian mechanisms . ' other than triplet-triplet energy transfer for the norbornadiene to quadricyclene conversion, we have measured the actual rate chnstants for quenching of the photosensitizer excited state by norbomadiene . The rate, k, at which norbornadiene quenches the excited state i s given by equation 1 (where AE i s the T difference i n triplet energies of the sensitizer and norbomadiene)if the exclusive mechanism for quenching i s triplet-triplet energy transfer. Any additional mechanism for quenching by a given sensitizer would enhance the measured value of k eqn. 1 over that predicted by eqn. 1. We have measured the specific rate constants for seveml suitable sensitizers in an attempt to identify positive deviations and have found none, i .e . , each of the values so obtained f i t s the relationship described by eqn. 1 when E, . for norbornadiene i s 70t 2 k m l mole-'. Tho erratic values of the sensitization efficiencies (as a function of E ) obtained i n previous studies and T i n our initial screenings apparently reflect'nothing more than competition with highly variable rates for alternative decay pathways of the various sensitizers.
We have thus concluded, that, while endothermic (as much as 15 kcolmole-') enegy transfer can result efficient sensitization of the norbornadiene to' quadricyclene conversion, there i s no need to invoke any mechanism other than physical energy transfer for the specific organic sensitizers we have studied.
Efforts have continued to find a sensitizer whose absorption spectrum better overlaps . . that of the solar spectrum and several thiocarbonyl derivatives have been synthesized and evaluated. Thiobenzophene-(A = 599 nm, ethanol) and max di-t-butylthioketone (A . = 535 nm i n benzene) were prepared but did not appreciably max sensitize the conversion of norbornadiene to q u a d r i~~c l e n e when irradiated at 408 nm i n benzene.
The bright yellow thioester (1) was tested as a sensitizer for the conversion of norbornadiene to quadricyclene at 405.8 nm . The concentration of (1) was 5.51
x molar i n each sample and the concentration of norbornadiene was varied.
The samples were photolyzed for 37 hrs, after first being freeze-thaw degassed for four cycles. N o loss of norbornadiene or appearance of quadricyclene was observed,.
but the color of (1) went from bright yellow to colorless.
In order to test the ability of 1 to act as a sensitizer the thioester was used to sensitize the conversion of t -stilbene to cis-stilbene . The following results -- . ' for acceptors.whose E i s low enough to permit energy transfer to occur. For T norbornadiene the E must be too high to all.ow energy transfer to occur at a suf-T ficiently rapid mte to compete with other decay processes of the sensitizer. The synthesis and evaluation of higher energy analogs -2,3and -4 i s currently i n progress .
Quantitative studies involving polymer N have been carried out. Polymer N was prepared by the following reaction sequence using a nacroreticular polystyrene resin which is cross-linked with divinylbenzene. . The nitrogen content alone does not verify the structure of the polymer, for the synthetic conditions 'allow llsite-riteu interaction. The lithiated polystyrene after initially attacking the ester could conceivably attack again to give the precursor to a tertiary alcohol and we have recently obtained spectral evidence for such.
The extent to which this interferes with the performance of polymer Nhas not yet been ascertained. Studies involving the quanticm efficiency of sensitization as a function of norbornadiene concentration have been carefully done and compared with thernonomeric. .counterpart, -5.
The limiting quantum efficiency for -5 was found to be 10070 whereas that for polymer N was found to be 78% . This has been attributed to light losses due to reflection from the translucent polymer surface.
A new class of heterogeneous sensitizers using silica gel as the support was evaluated, The &rmoghore i s bound tn the silica gel by a si lioon to oarben bond (sensitizer SG 1 ) . .
The limiting quantum yield in benzene for the initially: prepared sample. of this sensitizer was 0.2 at 366 nm. This i s lower by a factor of four compared to N-I --\ polymer under similar conditions. Work i s currrntly in progress to determine the , source of the inefficiency and to improve the characteristics. Our experience . with the polystyrene grafted sensitizers, such as polymer N, has shown that details concerning tfle synthetic pathway (such as per cent loading, types of site-site interactions, particle size and synthetic sequence) markedly influence the performance.
Clearly, enhanced characteristics can be expected with systematic refinements.
INORGANIC SENSITIZERS
During the past year we have continued to search for new, improved tmn-, sition metal sensitizers as well as attempt to optimize the effectiveness of existing ones. One strategy we have employed centers upon the incorporation of a strongly absorbing chromophore into a trcnsition metal. compound which can coordinate a molecule of NBD. Thus compounds such as Cu(phen)BrPPh3, Cu(bipy)BrPPh3,
and M~(CO)~(PPh~)~(bip~)@hen i s 1 , 10-phenanthroline, bipy i s ,2,2'-bipyridine) were tested but found to be ineffective and/or prone to decom-po3ition. The recently repal.ted R~(bipy)~(t.(BD) =presents an Intriguing example of this type, and its sensitization behavior is currently being examined.
Second and third row transition metal compounds containing ligands with delocalized a systems (some examples are listed in Table I ) The features noted above make these tmnsition metal compounds exceedingly attructive as potential sensitizers for the NBD to Q conversion. Thus we have ree n t l y undertaken an exploratory study aimed at screening a variety of candidates.
Our preliminary quantum yield data . re collected in Table 1 along with the orbital assignment and approximate energy, E of the lowest lying excited state in each L'
of the compounds examined. . .
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This year we have investigated i n greater detail the kinetics of the conversion of quadricyclane to norbornadiene by the polystyrene-anchored catalysts in efforts to develop systems which retain their catalytic activities upon repeated recycling.
In addition, we have investigated in greater detail the structure-activity relationships of the metal dithiolenes as catalysts for the conversion of quadricyclane to norbomadiene i n view of the indications from our preliminary screening results of the 9 catalytic ~c i l v l t y of [ (CFJ2C2Sd 3Mu.
A. Polymer-Anchored Cobalt(l1) Tetrarylporphyrin Catalysts
The polymer-anchored cobalt (11) tetmarylporphyrin catalysts used for the work this past year were linked to macroreticular polystyrene through carboxamide and sulfonamide linkages. The aminopolystyrene used for the preparation of these materials was obtained from unfunctionalized polystyrene by nitration followed by reduction of the nitro groups with stannous chloride. This arninopolystyrene was then coupled with the tetra (p-chlorosulforphenyl) porphine and the tetra (p-chlorocarbonyl)phenylporphine obtained from the respective acids or acid salts to give the sulfonamide-linked and the carbokbmide-linked polystyrene-anchored tetraarylporphyrins, respectively. These coupling reactions were effected in chlorinated hydrocarbon solvents using tertiary arnines as proton scavengers. Coba I t was incorporated into these polystyrene-anchored tetraarylporphyrins by treatment under nitrogen with cobalt (11) acetate 4-hydrate in boiling acetic acid. The resulting materials can be schematically represented by structures la and Ib. R z .
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~i v e batches of sulfonamide-1 inked (la) and two batches of carboxamidelinked (Ib) polystyrene'-anchored cobalt (I I) te tracrrylporphyrin catalysts were , prepared with cobalt contents ranging from 0.28% to 0.48%. The standard activities with 0.1 M quadricyclane in benzene were measured for each batch ( Table 1) .
The pseudo first order .rate constants for disappearance of quadricyclane were obtained with 0.1 g of catalyst in 10 ml of solvent. These rates were normalized to standard activity conditions of 1 .O g/liter (k i n Table 1 ) and to an activity W based on metal content (k i n Table 1 The activity h w ) exhibited a steady decrease correlating we1 l with the total volume of the solution to which the catalyst had been exposed. The extrapolated intercept for zero catalytic activity was 127 m I. corresponding to an average turnover per metal i n excess of 15,000 moles of quadricyclane per gram-atom of cobalt. In a similar study on batch 2A-1 using 0.1 M quadricyclane in benzene, the decrease . .
(b)
The figures in parentheses in these columns refer to standard deviations obtained from four or more runs. Reduction with titanium (Ill) i n methanol (5 m1 . for 30 min .)
Reduction with titanium (Ill) in methanol (5 ml. for 30 min .)
Reduction with titanium (I1 I) i n 'methanol (10 ml . for 45 min .)
Reduction with titanium (Ill) in tetrahydrofuran (5 rnl. for 1 hr.)
Reduction with titanium (Ill) i n tetrahydrofuran Reduction with potassium benzophenone ketyl i n tetmhydrofuran Diffusion was shown to reduce the activity of the polystyrene-anchored cobalt (11) tetmarylporphyrin catalysts. Thus when beads of catalyst batch 2A-1 were ground to a fine powder, the activities i n four runs (kw) were greater by factors of 2 to 5 than in any runs using the whole bead catalyst. In the studies with the polverized catalysts, the standard activities were found to increase with an increase in the ratio of weight of catalyst to the volume of the solution again suggesting that some component of the solution i s responsible for the deactivation of the catalyst.
B. Polymer-Anchored Phosphine Palladium (11) Chloride Catalysts
Two batches of a polystyrene-anchored phosphine pal ladium (I I) chloride catalyst were prepared by a procedure similar to that given in the previous annual 8 . report.
Thus macroreticular polystyrene beads were diphenylphosphinated by 11 l ithiation with n-butyl l ithiurn i n the presence of tetrame thylethylenediamine followed by addition of diphenylchlorophosphine. Palladium (11) The cata lytic activ.ities of the polystyrene-anchored phosphine palladium (I I) chloride catalysts were measured for both batches A and B (Table 3) . Except for the first run with a given charge of catalyst, the disappearance of quadricyclane was found to obey first order kinetics, However, the first run of a given charge was found to give a first order rate decreasing i n time. Thus with batch A, the activity of the catulyst appeared to decrease between the first and second use, however, independent analysis of the final portion of the first run gave an activity quite similar to that of h e second run. Unused catalyst which had been pretreated with norbornadiene was found to give an activity for its initial run similar to that of the second run with untreated catalyst. These observations suggest the formation of a polymer-bound palladium-norbornadiene complex.
The catalytic activities of both batches A and B of the polystyrene-supported phosphine palladium (11) chloride catalyst (Table 3) The catalytic activities of the pol ystyrene-supported phosphine pal ladium (I I) chloride catalysts (Table 3) for the conversion of quadricyclane to norbornadiene were considerably less than tliose of the polystyrene-supported cobalt (11) tetraphenylporphyrin aatalpts ( but not at roorp temperature. ~d d i t i o n of water to a benzene solution of quadricyclqne containing [(cF~)~c~sJ 3Mo was found to give small quantities of nortricyclanol i n addition to slowing' the rate or conversion cf quadricyclane to notbornadiene. : .
Our general' conclusion from Studying metal dithiolenes as catalysts 'for the conversion of quadricyclane to norbornadiene i s that these systems are unpromising for use i n an actual solar energy storage system. Major difficu,lties include side reactions leading to polymer and/or nortricyclanol forination as well as sensitivity of the catalysts towards even moderate reducing agents. which can destroy the catalytic activity of the neutral~dithiolenes by reducing them to the corresponding monoanions which are catalytical.ly inactive. We therefore plan no further work with the metal . I di th iolenes . 
